A combined structural/EPR/computational chemistry investigation is reported on the two paramagnetic hydrido-cluster salts [Rh 6 ] EPR measurements indicate two isomers, the proportion of which change with temperature and deuteration-one axial isomer and one rhombic isomer. DFT calculations on a number of plausible isomers give EPR parameters which fit the experimentally determined rhombic isomer to one in which there is an interstitial hydride in the cluster and thirteen hydride ligands on the surface, while the axial isomer has two dihydrogen-like ligands on the cluster surface. That these isomers lie close in energy comes from both the EPR measurements (as measured from equilibrium constants over a variable temperature range) and DFT calculations. Deuteration of the hydrides should favour the isomer with the lowest zero-point energy and this is the case, with the axial isomer (two D 2 ligands on the surface) being favoured over the rhombic.
Introduction
We have recently reported the synthesis of a new class of transition metal cluster, [Rh 6 (PR 3 -which are composed of late transition metal centres (Rh) but have structures that are directly analogous to early transition metal clusters with edge-bridged halide ligands, such as [Nb 6 Cl 18 ] 4-, in that each Rh-Rh edge in the octahedron is bridged by a hydride ligand (Scheme 1).
2, 3 This similarity extends to the electronic structure of the rhodium clusters, which show eight orbitals involved in metal-metal bonding which are of the same symmetry as those of the halide-bridged clusters.
4,5 However, the move from group five metals (e.g. Nb) with bridging halides to a group nine metal (Rh) with phosphines and hydrides results in 12-additional metal-localised filled orbitals primarily of non-bonding nature in [Rh 6 (PR 3 ) 6 has a low-lying, effectively, double degenerate set of metal-based, essentially non-bonding, orbitals. 6 This results in these clusters being able to reversibly accept up to two molecules of H 2 -to form [Rh 6 (PR 3 ]. This process happens either by chemical redox, or electrochemically-either in solution or immobilised on a surface in micro-droplet form.
7,11
There is a more general interest in the redox chemistry and magnetism of transition metal clusters, and a number of examples have been reported of cluster species that support sequential redox events and/or show paramagnetism in isolated species.
12-17
For example [W 6 CCl 18 ] n-(n = 0 to 4), 18 (CO) 32 ] n (n = 0 to -10). 26 EPR measurements have also been reported for a variety of medium and high-nuclearity clusters.
27-33
In the mono-metallic hydride arena, EPR studies on the redox pairs of 15 and 17-electron mono-nuclear hydrido + and compares these with other crystallographicallycharacterised cluster compounds that arise from addition of electrons and/or H 2 to the parent cluster Cy-[H12] 2+ . As the reliable location of multiple hydride ligands on these metal cluster molecules is potentially problematic given the combined lowscattering power of hydrogen and the likely crystallographic disorder over the sites of the Rh 6 -octahedron we use these selected structural markers to indicate distortions to the cluster core imposed by the addition of H 2 + does not result in an appreciable change in the cluster core; this being consistent with population of Table 6 .
an essentially non-bonding, cluster-based, orbital on reduction. 2+ . This is inline with the overall addition of one H 2 molecule rather than two. Pleasingly, precisely these gross changes in the cluster core are also predicted by computational methods, 6 giving further validity to their use in predicting cluster core geometries and associated relative energies. These calculations also suggest that two isomeric forms for [H14]
+ lie very close energetically (6 kJ mol -1 ); one with dihydrogen-like H 2 on the surface of the cluster and one with 13-hydrides and an interstitial hydride. Although both have similar calculated structures for the metal-core thus precluding definitive discrimination between the two by X-ray crystallography, the structural changes on H 2 
addition to Cy-[H12]
+ all point to the formation of Cy-[H14]
+ irrespective of the precise location of the metal-bound hydrides. + , were modelled as two isomers described by an axial (A ∑ ) and a rhombic (R ∑ ) EPR spectrum as detailed in Table 2 .
Solution NMR and ESI-MS characterisation

38
EPR linewidths were modelled with a combination of g-stain Dg (scales with spectrometer field) and a field independent Gaussian linewidth (fwhm in MHz) to enable one global model to be used for the two microwave frequencies of X-and W-band. At X-band the broadening of the EPR spectrum is significantly contributed to by unresolved 1 H and 103 Rh (both I = 1/2) hyperfine couplings, and this is reflected in the linewidth parameters L 1,2,3 . At W-band the broadening is dominated by g-strain, a Dg = 0.02 at X-band and W-band corresponds to a broadening of 85 MHz and 850 MHz, respectively.
As shown in Fig. 2 
(a) and (c) the two isomer model for the species Cy-[H12]
+ describes well the positions of the turning points of the W-band spectrum (Fig. 2(c) ), but overestimates the width of the X-band spectrum with the parameters given in Table 1 (compare the g 1 position at high field of the axial A ∑ species in Fig. 2(a) ). This indicates a dynamic equilibrium between the two isomers with an exchange rate on the order of 1 GHz so that the X-band spectrum with a width of~1 GHz (40 mT) is partially motionally narrowed, whereas the W-band spectrum with a width of~10 GHz (400 mT) is essentially static on this time scale. This fast exchange rules out a mechanism in which the triscyclohexyl phosphines undergo rotation around the Rh-P bonds, as this has been shown to be a high energy process being locked out at room temperature in solution.
3 However this locked-out structure leads to asymmetry of the hydride ligands and for diamagnetic Cy-[H12]
2+ different hydride resonances are observed in the NMR spectrum that move significantly in chemical shift with temperature. We suggested that this was due to a rapid hydride tautomerism between bridging and semi-bridging hydrides in which the position of the equilibrium was shifted with a change in temperature.
3 The barriers to movement from a bridging to a semi-bridging hydride are expected to be very low 39,40 but this process might possibly be frozen out at very low temperature. Inspection of the solid-state structure of previously reported Cy-[H12]
+ shows that perfect O h symmetry around the metal core would not lead to different isomers. However, the locked phosphines actually lie canted away from having local C s symmetry at each Rh-vertex, e.g. dihedral angle C ipso -P-Rh-Rh~170
• which reduces the symmetry of the Rh 6 cluster to C 1 . Calculations have indicated that the 12 hydride ligands in H- [12] + occupy four semibridging and eight bridging positions, with D 4h symmetry for the cluster core. Inspection of the molecule perpendicular to the plane of the semi-bridging hydrides (Scheme 4) indicates that a simple concerted movement of the semi-bridging hydrides would lead to an alternate, diastereomeric, structure if the phosphine alkyl groups were locked. At, or close to, room temperature liberation of the phosphine ligands around the Rh-P bonds would render these two effectively equivalent, but at very low temperature in a glass both would be expected to be present. We discount alternative isomeric compounds that have a different ratio of bridging and semi-bridging hydride ligands as calculations (vide infra) on
H-[H12]
+ indicate there no other reasonable structures. Additionally, the EPR spectra do not change shape in the temperature range 3.5 to 50 K, indicating that an excited state is not populated and contributing to the signal.
Interestingly the CW EPR signal intensity of and [Cr(h-C 6 H 6 ) 2 ] with the radical cluster cation generated in situ. 7 In light of these new data that show there is no EPR signal at room temperature we now interpret this original spectrum as actually being due to trace amounts of [Cr(h-C 6 H 6 ) 2 ] + , 41 formed as the co-product of reduction. Indeed reduction in situ so that [Cr(h-C 6 H 6 ) 2 ] + was present gave in solution a strong 13-line spectrum with an isotropic g-value (g~2.01) identical to that previously reported. Cooling to ca. 60 K and below re-established the broad spectrum from Cy-[H12]
+ . The two signals are well separated and thus present no issue for interpretation of the cluster cation spectra. + : R ∑ = 88%, A ∑ = 12%. This observation is discussed below in relationship to the possible isomer assignments.
DFT calculations
The DFT optimised structures of the parent (PH 3 
) clusters H-[H12]
+ and H-[H14] + have been reported previously. 6 
That of H-[H12]
+ showed eight bridging hydrides and four semi-bridging hydrides conveying virtual C 4h symmetry on the Rh 6 H 12 core. Such subtlety is not reliably determined experimentally by X-ray diffraction. For Cy-[H12] + the EPR results suggest the presence of two isomers. We were unable to find an alternative structure by geometry optimisation in spite of trying a number of plausible initial structures and, as discussed, we suggest isomerisation comes from a locking of the bulky PCy 3 groups, a scenario that was not modelled in these PH 3 -approximated systems. Given this we restrict the use of DFT to model the isomers observed for
Cy-[H14]
+ in order to identify the two species observed in the EPR experiments.
We have previously reported two optimised isomers for H-[H14]
+ . 5 One of the isomers (a) has an interstitial H at the centre of the Rh 6 core and one additional exo-H. The other isomer (b) has twelve bridging hydrogens and two terminal hydrogen ligands, one of which is in close proximity to a bridging hydrogen; thus there appears to be a coordinated H 2 molecule present. Cluster (b) had a lower SCF energy than (a), however the difference, as compared to the expected error, was too small to predict which would be the more stable. As a consequence of the internal H, isomer (a) is marginally larger than (b).
In preparation for EPR calculations these reported structures, calculated with frozen cores, were re-optimised as all electron calculations with very similar results. In H-[H14] + (b) the two terminal hydrogens are attached to adjacent Rh lying cis to one another. One further minimum, isomer (c), was found where the extra hydrogens are bound to trans disposed Rh atoms (Fig. 3) and a close approach to other bridging hydrides leads to two + (R = Cy, H), bearing in mind that the BP functional tends to overestimate distances, suggests that isomer (a) with the internal hydrogen has structural distances closest to experiment, but, given the approximations of modified ligands and gas phase calculations, the other isomers are also plausible candidates.
In order to propose structures for the isomers identified by the EPR experiments for Cy-[H14] + , calculations of g values were carried out. Results are given in Table 4 . Given the caveat that absolute g-tensors of metal centre radicals are notoriously difficult to accurately predict, we consider the accurate assignment of isomers to be achievable by comparison of the g-value order and rhombicity of the simulated and experimental data (Tables 2 and 4 . This leads to significant differences in the zero point energies between the isomer with an internal H (isomer a) and one external H 2 group and those with two external H 2 groups (b and c) ( Table 5) . Thermodynamic analysis suggests a trend that shows that the proportion of isomer (a) should decrease with an increase in temperature, with the concomitant increase in the A ∑ isomer, (identified as c). This adds further weight to the assignment for the R ∑ isomer of Cy-[H14] + to calculated structure (a), with an interstitial hydride ligand, as experimentally this isomer decreases in population with increasing temperature. Deuteration of
H-[H14]
+ would also be expected to have a significant effect on the isomer ratio following the above argument as by decreasing the zero point energies, deuteration should favour the isomers with two external D 2 groups. This is observed experimentally with Cy-[D14]
+ showing an increase in the relative population of the A ∑ isomer, (c), at the expense of the R ∑ isomer, assigned as (a). Attempts to detect the interstital proton [i.e. isomer (a)] by hyperfine spectroscopy (HYSCORE/ENDOR, see Fig. S2 , ESI † for an example) proved unsuccessful as there is no region of our measured spectra where hyperfine couplings and nuclear quadrupole couplings (in the case of the deuterium sample) allow for an unambiguous resolution of the hydride proton signals from the interstitial proton signal.
Conclusions
We have prepared and isolated the radical cluster species
Cy-[H14]
+ which comes from reversible uptake of H 2 from Cy-[H12]
+ . EPR spectra clearly show a dramatic change on hydrogen uptake, and establish the suitability of EPR spectroscopy to probe H 2 addition in the cluster species, especially when used in concert with DFT to calculate plausible structures and EPR parameters. EPR is thus a useful technique in the armoury of analytical techniques (NMR, ESI-MS, SQUID, cyclic voltammetry, DFT) that are necessary to characterise these fascinating, but challenging to characterise, cluster materials that reversibly add and release H 2 . Such systems are useful models for the reversible binding of H 2 on metal surfaces, which is of relevance to catalysis and energy storage on metal surfaces.
Experimental General
All manipulations, unless otherwise stated, were performed under an atmosphere of argon, using standard Schlenk and glove-box techniques. Glassware was oven dried at 130
• C overnight and flamed under vacuum prior to use. CD 2 
EPR
CW EPR experiments were performed using an X-band Bruker BioSpin GmbH EMX spectrometer equipped with a high sensitivity Bruker probehead and a low-temperature Oxford Instruments CF935 helium-flow cryostat. Experiments were conducted with 2-10 mW microwave power, 0.1 mT modulation amplitude, and a modulation frequency of 100 kHz The magnetic field was calibrated at room temperature with an external 2,2-diphenyl-1-picrylhydrazyl standard (g = 2.0036). W-band measurements were performed on a W-/X-band Bruker Elexsys 680 spectrometer using an EN600-1021H TeraFlex resonator. The instrument was equipped with a low-temperature Oxford Instruments helium-flow cryostat. The field-sweep EPR spectra were recorded by integrating the free induction decay from a single 500 ns microwave pulse, using a repetition time of 0.5 ms. The first derivative was calculated numerically from the absorption spectrum.
Crystallography
Relevant details about the structure refinement are given in Table 1 . Data was collected on an Enraf Nonius Kappa CCD diffractometer using graphite monochromated Mo Ka radiation (l = 0.71073 Å ) and a low-temperature device (150 K); 42 reduction and cell refinement was performed using DENZO/SCALEPACK.
43
The structure was solved by direct methods using SHELXS-97 44 and refined full-matrix least squares on F 2 . All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated positions using the riding model-the hydride ligands were not reliably located despite the presence of a number of suitable Fourier peaks around the metal core in bridging positions. Rigid body restraints were applied to all of the five toluene solvent molecules that co-crystallise in the asymmetric unit. The 1,2 and 1,3-C-C(Me) distances were also restrained. Disorder in two of these molecules was treated by modelling them over two sites (C315-321, C415-421 and C329-335, C429-435). Similar treatment of disorder in the remaining solvent molecules was unsuccessful. Disorder in the CF 3 groups of the anion was treated by modelling the fluorine atoms or the entire CF 3 group over two sites and restraining their geometry. Restraints to the thermal parameters were applied where necessary in order to maintain sensible values. Graphical representations of the structures were made using ORETP3.
45
Computational methods
Density functional calculations were carried out using the Am- 
58
All electron TZP basis sets were used with triple-z accuracy sets of Slater type orbitals and one polarisation function added to the main group atoms. Calculations with unpaired spins were unrestricted. Minima were characterised by full frequency calculations, 59,60 however, some structures contained low-energy negative modes corresponding to vibrations associated with rotation of the PH 3 groups of the clusters. A range of starting structures were used which tended to converge to the same structure, the exception being the structures with an interstitial hydride, where no movement to the surface was found. EPR parameters were calculated at the spin-orbit level using the ADF ESR program.
61,62
